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Introduction {#s1}
============

Oncolytic virotherapy has existed for over 100 years and is a promising method for the treatment of cancer patients because of the strong cytolytic response of virus-infected tumor cells; however, complications may result from the use of oncolytic viruses including toxicity against normal cells [@pone.0104669-VahaKoskela1]--[@pone.0104669-Eager1]. Thus, artificially modified oncolytic viruses have been engineered to achieve low toxicity against normal tissues together with sufficient antitumor activity. Oncolytic viruses that have been modified to express human cytokines, such as granulocyte macrophage colony-stimulating factor (GM-CSF) have the potential for future therapeutic use in the treatment of solid tumors. JX-594 is a GM-CSF-armed oncolytic poxvirus that has shown promising outcomes when administered by either intratumoral (i.t.) injection or intravenous (i.v.) infusion [@pone.0104669-Kim1]--[@pone.0104669-Breitbach2]. OncoVEX^GM-CSF^ is an oncolytic virus based on the JS-1 strain of herpes simplex virus type-1 (HSV-1) that has been engineered to express human GM-CSF [@pone.0104669-Liu1]--[@pone.0104669-Andtbacka1]. The results of a phase III trial demonstrate that melanoma patients treated with this virus show statistically significant improvement with durable responses [@pone.0104669-Andtbacka1].

HSV infection in wide ranges of cell populations results in degenerative change and death [@pone.0104669-CampadelliFiume1]. HF10 is a spontaneous mutant of HSV-1 strain HF [@pone.0104669-Nishiyama1] that lacks neuroinvasiveness and is at least 10,000-fold less virulent than wild-type HSV-1 in mice [@pone.0104669-Mori1]. In several clinical studies of cancer patients, HF10 has been shown to have antitumor effects [@pone.0104669-Nakao1]--[@pone.0104669-Nakao2]. In murine studies, HF10 packaged with a GM-CSF-expressing amplicon has been reported to exhibit more tumoricidal activity than intact HF10 [@pone.0104669-Kohno1], [@pone.0104669-Goshima1], supporting the hypothesis that HF10 exhibits maximal antitumor activity when used in combination with immunomodulators.

Glucocorticoid-induced tumor necrosis factor receptor (GITR) is a type I transmembrane protein of the tumor necrosis factor receptor family, and is involved in the regulation of T-cell receptor-mediated cell death [@pone.0104669-Nocentini1]. GITR is similar to programmed cell death-1 (PD-1) and cytotoxic T-lymphocyte antigen 4 (CTLA-4), both of which have been applied clinically as immune modifiers in tumor therapy [@pone.0104669-Pardoll1]. GITR has been reported to be expressed at high levels on CD4^+^ CD25^+^ regulatory T (Treg) cells and to abrogate Treg cell-mediated immune suppression via intercellular signaling [@pone.0104669-McHugh1], [@pone.0104669-Shimizu1]. GITR has also been known to be expressed on activated CD8^+^ T cells and to act on the induction of tumor-specific CD8^+^ T cells [@pone.0104669-Cote1]. In addition, GITR signaling via specific ligands seems to drive CD8^+^ T cell resistance to Treg cell-mediated inhibition [@pone.0104669-Nishikawa1]. Currently there is an ongoing clinical trial of a therapeutic anti-human GITR antibody [@pone.0104669-Rosenzweig1]. Thus, GITR targeting is an attractive candidate method for use in HF10 virotherapy as it encourages tumoricidal cytotoxic T lymphocyte (CTL) activity and attenuates immune suppression.

In this study, we examined the anti-tumor effects of i.t. treatment of established murine tumors with HF10 in combination with the GITR-specific agonistic monoclonal antibody (mAb) DTA-1. Our results show that the combination therapy inhibited tumor growth at the contralateral as well as the injected tumor sites by promoting the accumulation of tumor-specific CD8^+^ T cells followed by DTA-1-mediated depletion of CD4^+^ Foxp3^+^ Treg cells. Thus, DTA-1 is an extremely effective partner for HF10 in oncolytic virotherapy.

Materials and Methods {#s2}
=====================

Mice {#s2a}
----

Female BALB/c mice aged 6--8 weeks were obtained from SLC Japan. BALB/c mice deficient in the γ subunit of the FcγRI, FcγRIII and FcεRI receptors (FcRγ KO mice) [@pone.0104669-Takai1] were purchased from Taconic and bred at the Mie University Institute of Laboratory Animals. Experimental protocols were approved by the Animal Ethics Committee of Mie University, Tsu, Japan (Approval number: 23-8).

Cell lines {#s2b}
----------

CT26 is a colon tumor cell line derived from BALB/c mice [@pone.0104669-Lerner1]. A CT26 cell line transfected with the gene encoding the human cancer/testis antigen NY-ESO-1 (CT26/NY-ESO-1) was established as described previously [@pone.0104669-Muraoka1]. CMS5a is a 3-methyl cholanthrene-induced fibrosarcoma cell line derived from BALB/c mice [@pone.0104669-Ikeda1]. A CMS5a cell line transfected with the gene encoding GITR was established by retrovirus-mediated gene transfer. The retrovirus containing the murine GITR gene was purchased from Takara Bio Inc.

CT26/NY-ESO-1 and CMS5a cells were inoculated subcutaneously (s.c.) into the hind flanks of mice (1×10^6^ cells/mouse and 2×10^5^ cells/mouse, respectively). HF10 or the vehicle was administered i.t. (1×10^7^ PFU/mouse) at 7, 8, and 9 days after tumor inoculation. DTA-1 was administered i.t. (10 µg/mouse) at 9 days after tumor inoculation. For the combination therapy, 10 µg of DTA-1 were mixed with the HF10 virus and administered to the mice at 9 days after tumor inoculation.

Antibodies {#s2c}
----------

Fluorescein isothiocyanate (FITC)-conjugated and/or phycoerythrin (PE)-conjugated anti-mouse CD4 (RM4-5; eBioscience, Inc), anti-mouse CD8α mAb (53-6.7; BD Bioscience), anti-mouse/rat Foxp3 mAb (FJK-16s; eBioscience, Inc), anti-mouse IFN-γ mAb (XMG1.2; eBioscience, Inc), anti-mouse F4/80 mAb (BM8; BioLegend), and anti-rat IgG2b monoclonal antibodies (mAbs) (MRG2b-85; BioLegend) as well as a FITC-conjugated rabbit anti-HSV-1 polyclonal antibody (Dako) were used in flow cytometric analysis and immunohistochemstry. An anti-mouse CD16/CD32 mAb (93; eBioscience, Inc) was used for Fc-blocking in all experiments. For *in vivo* administration, anti-mouse GITR mAb (DTA-1, rat IgG2b) and anti-mouse CD8α mAb were purified by protein G affinity column chromatography of ascites from BALB/c nude mice intraperitoneally inoculated with a 53-6.7 hybridoma. Purifed rat serum IgG (Sigma) was used as the control antibody for all experiments with DTA-1. The Fab portion of DTA-1 was prepared by using a Pierce Fab Preparation Kit (Thermo Fisher Scientific) according to the manufacturer\'s instructions.

Cell preparations {#s2d}
-----------------

To collect tumor-infiltrating lymphocytes (TILs), a gentleMACS dissociator (Miltenyi Biotec K.K.) was used according to the manufacturer\'s instructions with some modifications. Briefly, a CT26/NY-ESO-1 tumor cut into small pieces was incubated in 4.5 mL of RPMI-1640 medium supplemented with 1 mg/mL collagenase IA (Sigma) for 40 min at 37°C and then dissociated into single cells using the gentleMACS dissociator. DNase I was not used. The obtained cells were passed through a cell strainer (70 µm) to remove tissue aggregates. After washing 3 times with PBS containing 0.1% BSA, the TILs were evaluated by flow cytometric analysis for intracellular IFN-γ as described below. When DTA-1-binding TIL populations were studied, collagenase I was not used so as to avoid the dissociation of DTA-1 bound to cells.

To investigate DTA-1-mediated generation of tumor-specific CD8^+^ T cells, DTA-1 was injected i.t. into day 9 CT26/NY-ESO-1 tumors at three doses (0.5, 2, or 10 µg). Tumor-regressed mice were selected from each DTA-1-treated group at 2 weeks after DTA-1 treatment, and the splenocytes from each group were pooled and incubated in RPMI-1640 medium supplemented with 10% fetal calf serum (FCS) and 10 µg/mL of control peptide (9 m: QYIHSANVL) [@pone.0104669-Ikeda1], CT26-specific AH-1 peptide (SPSYVYHQF) [@pone.0104669-Huang1] or NY-ESO-1~81--88~ peptide (RGPESRLL) [@pone.0104669-Mitsui1] (all from MBL) for 5 hrs. The obtained cells were analyzed by flow cytometry to determine levels of intracellular IFN-γ.

Splenocytes from CT26/NY-ESO-1-bearing mice obtained at 5 days after i.t. treatment with both HF10 (days 7, 8 and 9) and DTA-1 (day 9) were cultured with CT26-specific AH-1 peptide (10 µg/mL) or HF10-infected CMS5a tumor cells \[precultured with HF10 (MOI 1) for 12 hrs and irradiated with 50 Gy\] at a ratio of 5 splenocytes to 1 HF10-infected CMS5a cell for 5 hrs. The obtained cells were then evaluated for intracellular IFN-γ as described below.

Flow cytometric analysis of mAb-stained cells {#s2e}
---------------------------------------------

To confirm GITR expression on CMS5a/GITR cells, CMS5a/GITR cells were incubated with DTA-1 (\<2×10^6^ cells/µg in PBS supplemented with 0.2% BSA) for 15 min at 4°C. After washing 3 times with PBS containing 0.1% BSA, the cells were further treated with FITC-conjugated anti-rat IgG (H + L) Ab (Caltag Lab.) (\<2×10^6^ cells/µg) for 15 min at 4°C. For staining of intracellular IFN-γ in cultured splenic CD8^+^ T cells, GolgiPlug (BD Bioscience) protein transport inhibitor was added for the last 4 hrs of the incubation. The obtained cells were permeabilized using a Cytofix/Cytoperm Kit (BD Bioscience) and stained with a CD8α-specific mAb for 15 min at 4°C and followed by an IFN-γ-specific mAb for 15 min at 4°C (\<2×10^6^ cells/µg). For Foxp3-CD4 double labeling of TILs, TILs were first stained with a CD4-specific mAb \[15 min, 4°C (\<2×10^6^ cells/µg)\], then fixed and permeabilized using a Foxp3 staining kit (eBioscience, Inc.), and then treated with a Foxp3-specific mAb \[30 min, 4°C (\<1×10^6^ cells/µg)\]. The labeled cells were then analyzed by flow cytometry (FACSCanto II: BD Bioscience) with FlowJo software (Tomy Digital Biology).

Immunohistochemistry {#s2f}
--------------------

Frozen CT26/NY-ESO-1 tumor specimens embedded in O.C.T compound (Sakura Finetechnical) were sectioned at a thickness of 3 µm, air dried for 2 hrs, fixed with cold acetone for 15 min, and then processed for immunohistochemistry. After washing 3 times with PBS, the slides were incubated at 4°C in blocking solution \[PBS supplemented with 1% BSA, 5% Blocking One Histo (Nacalai Tesque, Inc.)\] and 0.2 µg/mL anti-mouse CD16/CD32 mAb for 30 min. The tumor sections on the slides were then dual-labeled with PE-conjugated mAb and FITC-conjugated mAb diluted with PBS supplemented with 1% BSA and 5% Blocking One Histo for 1 hr at room temperature (r.t.) in a humidified chamber. After washing 3 times with PBS supplemented with 0.02% Tween-20, the slides were mounted in ProLong Gold antifade reagent with DAPI (Invitrogen, Life Technologies, Inc.), and evaluated by fluorescence microscopy (BX53F; Olympus Co. Ltd.; Tokyo, Japan). The photographs from PE-, FITC-, and DAPI-stained tissue sections were merged and background fluorescence was deleted using Photoshop elements software (Adobe Systems Software Ltd.).

For hematoxylin and eosin (HE) staining, slides with acetone-fixed tissue sections were washed 3 times with PBS and incubated at r.t. in hematoxylin solution (New Hematoxylin Sol.: Muto Pure Chemicals Co., Ltd.) for 5 min. After washing with tap water, the cytoplasm was stained with eosin (r.t. for 2 min.; Pure Eosin Sol.: Muto Pure Chemicals). Samples were then dehydrated 3 times with xylene, and the slides were mounted with Malinol (Muto Pure Chemicals) and evaluated by microscopy.

Antibody-dependent cellular cytotoxicity (ADCC) assay {#s2g}
-----------------------------------------------------

RAW264.7 cells were activated with 20 ng/mL murine IFN-γ for 24 hrs in 24-well plates, after which the cells were gently washed with RPMI-1640 and the dish-adherent RAW264.7 cells were used as effectors in the ADCC assay. CMS5a or CMS5a/GITR cells were labeled with 2.5 µM carboxyfluoresceine diacetate succinimidyl ester (CFSE) at 37°C for 6 min to be used as targets in the ADCC assay. After washing 3 times with RPMI-1640 supplemented with 10% FCS, CFSE-labeled CMS5a or CMS5a/GITR cells were plated at various effector-to-target ratios with rat IgG or DTA-1 (2 µg/mL), incubated for 12 hrs, and analyzed by flow cytometry. For each sample, 20,000 non-CFSE labeled cells were collected, and the absolute number of CFSE-labeled surviving cells was counted. The survival percentage was calculated as the mean number of each of the three wells as follows: \[(absolute number of surviving CFSE-labeled cells in control rat IgG-containing medium)−(absolute number of surviving CFSE-labeled cells in DTA-1-containing medium)\]×100/(absolute number of surviving CFSE-labeled cells in control rat IgG-containing medium).

Statistical analysis {#s2h}
--------------------

The Mann-Whitney U test was used to compare data from two groups. When equality of variance was proven by Levine\'s test, data comparison between 2 groups was evaluated by Student\'s *t*-test. The Kruskal-Wallis ANOVA test was used to compare data from four groups. *p*-values below 0.05 were considered statistically significant. Calculations were performed using SPSS Statistics v21.0 software (IBM).

Results {#s3}
=======

Effective inhibition of tumor growth by local treatment of HF10 combined with DTA-1 {#s3a}
-----------------------------------------------------------------------------------

Since the therapeutic efficacy of the adjuvants included in immune-targeting Abs has been widely shown in the treatment of cancer, we hypothesized that the use of DTA-1, as an enhancer of tumor-specific CD8^+^ T cell responses [@pone.0104669-Cote1], [@pone.0104669-Nishikawa1] in HF10 virotherapy might produce a satisfactory treatment outcome. To investigate this hypothesis, we used human NY-ESO-1 gene-transfected CT26 tumor cells (CT26/NY-ESO-1) for *in vitro* and *in vivo* studies as an H-2D^d^-restricted murine CTL epitope of NY-ESO-1 had been identified in our laboratory [@pone.0104669-Muraoka1]. Subcutaneously inoculated CT26/NY-ESO-1 tumors were treated by i.t. administration of HF10 with or without DTA-1 ([Fig. 1A](#pone-0104669-g001){ref-type="fig"}). Groups treated with either HF10 or DTA-1 showed weak suppression of tumor growth compared with the untreated group (control), and 2 out of 13 mice (15.4%) or 3 out of 19 mice (15.8%) showed complete tumor regression at 42 days after tumor inoculation, respectively ([Table 1](#pone-0104669-t001){ref-type="table"}). In contrast, all mice in the group treated with both HF10 and DTA-1 showed statistically significant attenuation of tumor growth compared with the control group \[*p*\<0.001, [Fig. 1A](#pone-0104669-g001){ref-type="fig"}; complete tumor regression rate at 42 days: 60.0% (12 to 20 mice); [Table 1](#pone-0104669-t001){ref-type="table"}\]. In addition, CMS5a tumor growth in the group treated with both HF10 and DTA-1 was also suppressed significantly compared with the control or DTA-1-treated groups ([Fig. 1B](#pone-0104669-g001){ref-type="fig"} and [Table 1](#pone-0104669-t001){ref-type="table"}).

![Tumor growth following intratumoral administration of HF10 with/without DTA-1.\
Growth (mm^2^) of subcutaneously inoculated CT26/NY-ESO-1 (A) or CMS5a cells (B) following i.t. treatment with HF10 (open triangles) and/or DTA-1 (closed triangles) on indicated days. Purified rat IgG was used as a control for DTA-1. Data shown in [Fig. 1 1](#pone-0104669-g001){ref-type="fig"} are representative of four independent experiments. By the Kruskal-Wallis ANOVA test, the CT26/NY-ESO-1 growth inhibition by combined treatment with HF10 and DTA-1 was significantly different from the HF10-treated or untreated control at day 42. CMS5a growth inhibition by the HF10 and DTA-1 combination was significantly different from the DTA-1-treated or untreated control at day 25. CMS5a growth inhibition was also significantly different in the HF10-treated group compared with the untreated control.](pone.0104669.g001){#pone-0104669-g001}

10.1371/journal.pone.0104669.t001

###### Increase in the number of tumor-regressed mice by HF10 therapy combined with DTA-1.

![](pone.0104669.t001){#pone-0104669-t001-1}

  Treatment     Number of complete tumor-regressed mice[\*](#nt101){ref-type="table-fn"}/Number of treated mice (%)  
  ------------ ----------------------------------------------------------------------------------------------------- --------------
  Cont. IgG                                                 0/10 (0.0%)                                               0/13 (0.0%)
  DTA-1                                                    2/13 (15.4%)                                               0/13 (0.0%)
  HF10                                                     3/19 (15.8%)                                               0/13 (0.0%)
  HF10+DTA-1                                               12/20 (60.0%)                                              3/13 (23.1%)

\* Number of complete tumor-regressed mice was counted at 42 or 25 days after subcutaneous inoculation of CT26/NY-ESO-1 or CMS5a tumor cells, respectively.

We observed CT26/NY-ESO-1-regressed mice in another experiment for 2 months after HF10 and DTA-1 treatment. Tumor recurrence could not be seen in the tumor-regressed mice. In addition, these mice exhibited the resistance in tumor re-challenging.

CD8^+^ T cells act as tumoricidal effectors in the combination therapy of HF10 with DTA-1 {#s3b}
-----------------------------------------------------------------------------------------

Intratumoral injection of HF10 resulted in the collapse of tumor structure with a decrease in the nuclear density of tumor cells, as shown at 7 days after the last HF10 treatment in both the group treated with HF10 and that treated with HF10 and DTA-1 ([Fig. 2A](#pone-0104669-g002){ref-type="fig"}). Tumor-infiltrating CD8^+^ T cells were shown to be the most frequent population after the administration of HF10 combined with DTA-1 at 3 days after the final treatment ([Fig. 2B](#pone-0104669-g002){ref-type="fig"}). Importantly, these cells appeared to accumulate near HF10-infected tumor areas ([Fig. 2C](#pone-0104669-g002){ref-type="fig"} and [S1A](#pone.0104669.s001){ref-type="supplementary-material"}), suggesting that HF10 infection is able to attract CD8^+^ T cells by leaking virus-associated proteins and tumor antigenic proteins from infected tumor cells and changing the tumor microenvironment after oncolysis. Inhibition of CT26/NY-ESO-1 growth by the combination therapy was completely negated by depleting CD8^+^ cells by intravenous treatment with a murine CD8α-specific mAb ([Fig. 2D](#pone-0104669-g002){ref-type="fig"}), indicating that the tumor-infiltrating CD8^+^ T cells shown in [Figure 2B and 2C](#pone-0104669-g002){ref-type="fig"} include tumoricidal effector populations. In the study using bilateral tumor-bearing mice, tumor growth inhibition by HF10 combined with DTA-1 occurred not only in the treated tumors but also in the contralateral non-treated tumors ([Fig. 2E](#pone-0104669-g002){ref-type="fig"} and [S1B](#pone.0104669.s001){ref-type="supplementary-material"}). In addition, the sections of contralateral tumor showed infiltrating CD8^+^ T cells without HF10 infection ([Fig. 2F](#pone-0104669-g002){ref-type="fig"} and [S1C](#pone.0104669.s001){ref-type="supplementary-material"}). These results indicate that CD8^+^ T cells activated in a local tumor site under the influence of HF10 and DTA-1 participate in systemic surveillance and could attack distant tumors without tissue destruction due to HF10 infection.

![Kinetics of CD8^+^ T cells after the combination therapy with HF10 and DTA-1.\
CT26/NY-ESO-1 tumor sections from untreated mice (control) or mice injected i.t. with DTA-1, HF10, or HF10 combined with DTA-1 were stained with hematoxylin and eosin (A), and phycoerythrin (PE)-conjugated anti-CD8α mAb and DAPI (B). (C) Frozen sections of CT26/NY-ESO-1 tumors from mice i.t. injected with HF10 combined with DTA-1 were stained with a PE-anti-CD8α monoclonal antibody, a fluorescein isothiocyanate (FITC)-anti-HSV-1 polyclonal antibody, and DAPI. (D) CT26/NY-ESO-1 growth (mm^2^) in both i.t. HF10- and DTA-1-treated control or CD8^+^ cell-depleted mice was measured. Seven mice per group were used. (E) Bilateral CT26/NY-ESO-1-bearing mice were treated with a combination of HF10 and DTA-1 in the tumors on the right flanks. Subsequent tumor growth (mm^2^) of the treated right and contralateral left sites was measured. Tumor growth in untreated mice was measured and used as a control. Fourteen mice per group were used. By the Kruskal-Wallis ANOVA test, CT26/NY-ESO-1 growth inhibition by the combined HF10 and DTA-1 treatment in contralateral as well as treated sites was significantly different from the untreated control group. (F) CT26/NY-ESO-1 tumors from one side of bilateral tumor-bearing mice were treated i.t. with HF10 combined with DTA-1. Frozen sections of contralateral CT26/NY-ESO-1 tumors were stained with a PE-anti-CD8α monoclonal antibody, a fluorescein isothiocyanate (FITC)-anti-HSV-1 polyclonal antibody, and DAPI.](pone.0104669.g002){#pone-0104669-g002}

Augmentation of tumor-specific CD8^+^ T cell responses by DTA-1 treatment in HF10 therapy {#s3c}
-----------------------------------------------------------------------------------------

Next, we investigated whether the tumor- or HF10-specific CD8^+^ T cell response was enhanced in CT26/NY-ESO-1-bearing mice by i.t. treatment with DTA-1 alone or HF10 combined with DTA-1. To detect low proportions of CD8^+^ T cells with tumor specificity, spleen cells from tumor-regressed mice selected after i.t. treatment with DTA-1 at the indicated doses were stimulated with a CT26-specific AH-1 peptide or an NY-ESO-1 81--88 peptide to expand each population of peptide-specific CD8^+^ T cells. As shown in [Figure 3A](#pone-0104669-g003){ref-type="fig"}, the response of CT26-specific IFN-γ-producing CD8^+^ T cells was enhanced by DTA-1 in a dose-dependent manner. In addition, CD8^+^ T cells with NY-ESO-1 specificity were observed when DTA-1 was administered at a high dose (10 µg). In this experiment, we used tumor-regressed mice because we could not enhance the negligible CT26-specific IFN-γ-producing CD8^+^ T cell responses seen in tumor-bearers in a DTA-1 dose-dependent manner. Although CT26/NY-ESO-1 growth after i.t. treatment with DTA-1 was suppressed compared with the control group, tumor size was not different in each group of DTA-1 (0.5, 2.0, or 10.0 µg/mouse). Furthermore, HF10-specific CD8^+^ T cells were found in addition to the AH-1-specific population ([Fig. 3B](#pone-0104669-g003){ref-type="fig"} left) when splenocytes from both HF10- and DTA-1-treated CT26/NY-ESO-1-bearing mice with HF10-infected CMS5a cells were cultured ([Fig. 3B](#pone-0104669-g003){ref-type="fig"} right). These results indicated that i.t. treatment of HF10 and DTA-1 had the capacity to enhance tumor- and HF10-specific CD8^+^ T cell populations.

![Generation of tumor- and HF10-specific CD8^+^ T cells by intratumoral treatment of DTA-1 and HF10 combined with DTA-1.\
(A) CT26- and NY-ESO-1-specific CD8^+^ T cell responses in CT26/NY-ESO-1-regressed mice by i.t. treatment of DTA-1 at indicated doses were assessed by intracellular staining of IFN-γ in splenocytes cultured with 10 µg/mL of the indicated peptides for 5 hrs. Splenocytes from two mice per group were pooled and assessed. hrs. Splenocytes from two mice per group were pooled and assessed. (B) Splenocytes from untreated and both i.t. HF10- and DTA-1-treated CT26/NY-ESO-1-bearing mice were obtained at 5 days after final treatment, and cultured with AH-1 peptide (10 µg/mL) or HF10-infected CMS5a tumor cells for 5 hrs. Splenocytes from ten mice per group were pooled and assessed. The obtained cells were immunohistologically stained for intracellular IFN hrs. Splenocytes from ten mice per group were pooled and assessed. The obtained cells were immunohistologically stained for intracellular IFN-γ. The 9 m peptide and uninfected CMS5a cells were used as controls. m peptide and uninfected CMS5a cells were used as controls.](pone.0104669.g003){#pone-0104669-g003}

Disappearance of tumor-infiltrating Foxp3^+^ cells after the treatment with DTA-1 in HF10 therapy {#s3d}
-------------------------------------------------------------------------------------------------

We hypothesized that the increase in tumor-specific CD8^+^ T cell responses after DTA-1 treatment combined with HF10 therapy was involved in the attenuation and/or depletion of immune suppressors including Treg cells. To address this issue, CT26/NY-ESO-1 tumors obtained after DTA-1 treatment with or without HF10 were evaluated by immunohistological staining of tissue sections and flow cytometric analysis of infiltrating lymphocytes using a Foxp3-specific mAb. Foxp3^+^ cells accumulated abundantly in both untreated and HF10-treated tumors, whereas a vigorous decrease in the number of Treg cells was shown in tumors following treatment with DTA-1 alone or DTA-1 combined with HF10 ([Fig. 4A](#pone-0104669-g004){ref-type="fig"}). This result was confirmed by flow cytometric analysis of tumor-infiltrating Treg cells. The frequency of tumoral CD4^+^ Foxp3^+^ Treg cells from the HF10- and DTA-1-treated group was decreased significantly compared with that from the untreated (control) group but not from the HF10- or DTA-1- treated mice ([Fig. 4B](#pone-0104669-g004){ref-type="fig"}). The decrease in the frequency of Foxp3^+^ cells in the HF10-treated group ([Fig. 4B](#pone-0104669-g004){ref-type="fig"}) is possibly correlated with the decrease in tumor size due to HF10 treatment. This may be attributed to the lack of modulation of the absolute number of Foxp3^+^ cells in the HF10-treated group unlike in the control group ([Fig. 4A](#pone-0104669-g004){ref-type="fig"}). DTA-1 is a rat IgG2b class mAb. By visualizing DTA-1 with the FITC-conjugated anti-rat IgG2b mAb, it was demonstrated that the tumor-infiltrating CD4^+^ Foxp3^+^ Treg population bound predominantly with DTA-1 at 6 hrs after i.t. injection ([Fig. 4C](#pone-0104669-g004){ref-type="fig"}), in parallel with the disappearance of tumoral Treg cells after treatment with DTA-1. Taken together, these results strongly indicate that DTA-1 was essential to the decrease in the number of CD4^+^ Foxp3^+^ cells.

![Disappearance of DTA-1-conjugated tumor-infiltrating CD4^+^ Foxp3^+^ cells after combined i.t. treatment with HF10 and DTA-1.\
(A) CT26/NY-ESO-1 tumor sections form untreated group (control) or group from mice injected i.t. with DTA-1, HF10, or HF10 combined with DTA-1 were stained with FITC-anti-Foxp3 mAb and DAPI. (B) The frequency of tumor-infiltrating CD4^+^ Foxp3^+^ Treg cells from mice injected i.t. with HF10, DTA-1, or HF10 combined with DTA-1 at 12 days after CT26/NY-ESO-1 inoculation was assessed by flow cytometry. Data from 4 individual experiments were analyzed statistically. Kruskal-Wallis ANOVA test was used to compare data from the 4 groups. The decrease in the frequency of tumoral CD4^+^ Foxp3^+^ Treg cells in the HF10 and DTA-1 combined treatment group was significantly different from untreated control, but not from the HF10- or DTA-1-treated group (N.S: Not significant). (C) At 6 hrs after DTA hrs after DTA-1 injection into day 9 CT26/NY-ESO-1 tumors, tumor-infiltrating cells collected under collagenase-free conditions were analyzed by flow cytometry after staining with FITC-labeled anti-rat IgG2b mAb to detect DTA-1-bound cells.](pone.0104669.g004){#pone-0104669-g004}

Depletion of tumor-infiltrating Treg cells by DTA-1-mediated cellular cytotoxicity {#s3e}
----------------------------------------------------------------------------------

Fluorescent immunohistological studies using double labeling with anti-rat IgG2b mAb (for DTA-1) and F4/80- (for macrophages) or Foxp3- (for Tregs) specific mAbs were performed to determine the mechanisms of DTA-1-dependent depletion of CT26/NY-ESO-1 tumor-infiltrating Treg cells. At 6 hrs after DTA-1 treatment, Foxp3^+^ cells clustered at the DTA-1-stained peritumor sites, whereas Foxp3^+^ cells did not accumulate in the control rat IgG-treated case ([Fig. 5A](#pone-0104669-g005){ref-type="fig"} and [S2A](#pone.0104669.s002){ref-type="supplementary-material"}). Images of red fluorescence from DTA-1 or the control rat IgG merged with the green fluorescence from F4/80^+^ macrophages in nearby tumor stroma ([Fig. 5B](#pone-0104669-g005){ref-type="fig"}; C1, D1, and S2B) indicated that DTA-1 and rat IgG bound with macrophage-expressing FcRs. In addition, a large number of cells visualized in lymphocyte-like formation by staining with anti-rat IgG2b mAb were positive for Foxp3 ([Fig. 5B](#pone-0104669-g005){ref-type="fig"}; D2, D3; [Fig. S3A and B](#pone.0104669.s003){ref-type="supplementary-material"}) and were in contact with macrophages in various areas of DTA-1--treated tumors ([Fig. 5B](#pone-0104669-g005){ref-type="fig"}; D2; [Fig. S3A](#pone.0104669.s003){ref-type="supplementary-material"}). These results strongly support the hypothesis that DTA-1 participates in GITR^+^ Foxp3^+^ Treg depletion by ADCC at the treated tumor sites.

![Kinetics of Foxp3^+^ Treg cells and F4/80^+^ macrophages in DTA-1-treated tumors.\
Frozen sections of CT26/NY-ESO-1 tumors obtained at 6 hrs after DTA hrs after DTA-1 i.t. injection were stained with FITC-conjugated anti-Foxp3 mAb, PE-conjugated anti-rat IgG2b mAbs and DAPI (A and B: D3), or FITC-anti-F4/80 mAb, PE-anti-rat IgG2b mAb, and DAPI (B: D1 and D2). Sections from untreated and control rat IgG-treated tumors were used as controls (A and B: N1, N2, C1, C2). Representative photos from three experiments are shown.](pone.0104669.g005){#pone-0104669-g005}

To examine whether DTA-1 can mediate ADCC in a murine system, we performed an *in vitro* ADCC assay using IFN-γ-activated RAW264.7 macrophage cells as an effector and murine GITR gene-transfected CMS5a (CMS5a/GITR) cells ([Fig. 6A](#pone-0104669-g006){ref-type="fig"}) as a target. CMS5a/GITR cells were lysed in the presence of DTA-1 in a GITR-specific manner ([Fig. 6B](#pone-0104669-g006){ref-type="fig"}). We further investigated *in vivo* the ADCC effects of DTA-1 using Fc portion-digested DTA-1 (DTA-1 Fab) and FcRγ KO mice. Depletion of CD4^+^ Foxp3^+^ Treg cells in CT26/NY-ESO-1 tumors was not observed following i.t. DTA-1 Fab treatment ([Fig. 6C](#pone-0104669-g006){ref-type="fig"}). In addition, no significant decreases in the number of CD4^+^ Foxp3^+^ Treg cells and accumulation of CD8^+^ T cells were detected by DTA-1 treatment in FcRγ KO mice, unlike the results from wild-type mice ([Fig. 6D, 6E](#pone-0104669-g006){ref-type="fig"}, and [S4](#pone.0104669.s004){ref-type="supplementary-material"}). These results clearly indicated the direct participation of DTA-1 in Treg cell depletion by ADCC.

![DTA-1-mediated depletion of tumor-infiltrating CD4^+^ Foxp3^+^ Treg cells by ADCC.\
(A) DTA-1- (dotted line) or isotype control (solid line)-treated CMS5a and murine GITR gene-transfected CMS5a (CMS5a/GITR) cells were stained with a FITC-conjugated anti-rat IgG (H+L) antibody and analyzed by flow cytometry. (B) CFSE-labeled CMS5a and CMS5a/GITR cells were used as targets. The mixture of IFN-γ-activated RAW264.7 cells (effector cells) and target cells were incubated for 12 hrs with control IgG or DTA hrs with control IgG or DTA-1 at effector/target ratios of 5 and 15. (C) Frequency of Foxp3^+^ cells in tumor-infiltrating CD4^+^ cell population at 3 days after i.t. DTA-1 or Fc-digested DTA-1 (DTA-1 Fab) treatment was measured by flow cytometric analysis. (D) Frequency of Foxp3^+^ cells in tumor-infiltrating CD4^+^ cell population at 3 days after DTA-1 i.t. treatment in wild-type or FcRγ KO mice was measured by flow cytometric analysis. By Student\'s t-test, the decrease in the frequency of Foxp3^+^ cells in DTA-1-treated CT26/NY-ESO-1 tumors of wild type mice, but not FcRγ KO mice (N.S.: Not significant), was significantly different from untreated control group. (E) Frozen sections of CT26/NY-ESO-1 tumors obtained at 3 days after DTA-1 i.t. treatment in wild type and FcRγ KO mice were stained with FITC-anti-Foxp3 and PE-anti-CD8α mAbs, and DAPI.](pone.0104669.g006){#pone-0104669-g006}

Taken together, these results show that HF10 virotherapy combined with DTA-1 elicits a powerful therapeutic effect against tumors via the accumulation of CD8^+^ T cells, after tumor destruction by HF10 and the enhancement of tumor- and virus-specific CD8^+^ T cell responses directly or indirectly by depletion of immune-suppressive Treg cells at tumor sites by DTA-1.

Discussion {#s4}
==========

Many studies involving oncolytic virus combined with systemic administration of cytotoxic agents have shown promising results in animal models. However, almost all of the studies have avoided the important issue of lymphocyte suppression caused by steroids as an antiemetic, implying the clinical inapplicability of such cytotoxic agents. Tumor therapy promises an era of safety in using noninvasive immunomodulatory agents including PD-1-, CTLA-4- and GITR-specific mAbs. Unfortunately, all of them have produced slight immune-related slight adverse events such as diarrhea, rashes or pruritis [@pone.0104669-Hamid1]--[@pone.0104669-Weber1]. In addition, systemic administration of immunomodulators can elicit serious autoimmune diseases. A study from another group has shown that in a murine model, treatment with 50 µg/mouse DTA-1 induces antitumor activity and weak autoimmune reactions [@pone.0104669-Ko1]. In this study, we also demonstrated that HF10 virotherapy combined with a GITR-targeting mAb in local tumor sites at more clinical appropriate lower and safer doses, elicits tumor lysis by augmented systemic tumor-specific CD8^+^ T cell activity with negligible toxicity. Therefore, local treatment of immunomodulators is a promising method for the future treatment of tumors.

The use of blocking Abs for suppressing immune signals has shown clinical benefits in the treatment of solid tumors [@pone.0104669-Robert1]--[@pone.0104669-Topalian1]. Both PD-1 and CTLA-4, which are expressed on activated T cell surfaces, inhibit tumoricidal effector T cell responses by engagement via specific ligands that are expressed on various tumor cells [@pone.0104669-Pardoll1]. However, high densities of tumor-infiltrating CD4^+^ CD25^+^ Foxp3^+^ Treg cells have been correlated with poor survival [@pone.0104669-Curiel1]--[@pone.0104669-Wang1]. Treg cells express both PD-1 and CTLA-4 in the steady state without activation. PD-1 and CTLA-4 signals result in Treg induction and maintenance, and subsequent outbreak of autoimmune diseases [@pone.0104669-Francisco1]. Interestingly, it has been reported that an anti-CTLA-4 antibody augments tumoricidal effector T cells by downregulation of Treg cell functions, including ADCC-mediated depletion of Treg cells [@pone.0104669-Simpson1], which is similar to our GITR-targeting results. These reports indicate that the blockade of immune checkpoint molecules involves the activation of tumoricidal effector T cells by preventing interactions with specific ligands on tumor cells and inhibiting Treg cell functions.

The expression of GITR has been observed on CD4^+^ CD25^+^ Treg cells at relatively high levels [@pone.0104669-McHugh1], [@pone.0104669-Shimizu1], which is consistent with our results. In addition, the GITR-GITRL interaction has been known to attenuate Treg cell function via the loss of Foxp3 expression as well as enhance tumor-specific effector CD4^+^ and CD8^+^ T cell functions [@pone.0104669-Nishikawa1], [@pone.0104669-Ko1], [@pone.0104669-Cohen1], [@pone.0104669-Cohen2]. In this study, we demonstrated the use of DTA-1 as a depletion antibody because Fc-digested DTA-1 and intact DTA-1 in FcRγ KO mice did not participate in the downregulation of Foxp3 expression. After i.t. DTA-1 injection, macrophages appeared to attract DTA-1-conjugated Treg cells via their FcR and migrate to peritumor sites, as shown in [Fig. 5](#pone-0104669-g005){ref-type="fig"}, and the results suggest that the peritumoral stroma is a crucial place for ADCC triggering. Since CCL22 secreted by macrophages is known to be a chemoattractant for Treg cells [@pone.0104669-Curiel1], [@pone.0104669-Li1], such chemokines might participate in DTA-1-mediated Treg cell depletion. Further studies are necessary to elucidate the molecular mechanisms of tumoral ADCC.

As indicated in [Fig. 4C](#pone-0104669-g004){ref-type="fig"}, a small proportion of tumor-infiltrating CD8^+^ T cells bound with i.t. treated DTA-1. In addition, DTA-1 enhanced tumor-specific CD8^+^ T cell responses in a dose-dependent manner in tumor-regressed mice as shown in [Fig. 3](#pone-0104669-g003){ref-type="fig"}. These results suggest that DTA-1 acts as a direct activator of CD8^+^ T cells, although we could not rule out the possibility that tumor-specific CD8^+^ T cell responses were increased by DTA-1 dose-dependent depletion of immune suppressive Treg cells. Indeed, it has been reported that the function and activity of CTLs are augmented by the signals through GITR [@pone.0104669-Cote1], [@pone.0104669-Cohen1], [@pone.0104669-Imai1]. In this study, HF10-specific CD8^+^ T cells were detected after both HF10 and DTA-1 injections, concomitant with vigorous tumor-specific CTL responses. La et al. have reported that DTA-1 elicits immediately explosive HSV-1-specific CD8^+^ CTL and CD4^+^ Th responses in HSV-1-infected mice [@pone.0104669-La1]. In addition, we found in this study that DTA-1 was detected in tumor-draining lymph nodes soon after i.t. injection ([Fig. S5](#pone.0104669.s005){ref-type="supplementary-material"}), suggesting the relationship between DTA-1 and quick generation of tumor-specific CTLs. Thus, it is likely that HF10-specific CTL responses induced by DTA-1 change the tumor microenvironment to facilitate the expansion of CTLs in tumor-draining lymph nodes.

In conclusion, local HF10 therapy combined with DTA-1 should be suitable for the treatment of cancer patients without crucial side effects. The benefits of the combined treatment regimen include the vigorous expansion of tumoricidal CTLs associated with the early HF10-specific CTL responses, inhibition of tumor formation by HF10 infection, direct expansion of CD8^+^ T cells by DTA-1, and negation of immune suppressive Treg cell activities by DTA-1-mediated ADCC and/or DTA-1 signaling.
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======================

###### 

**Systemic surveillance of tumoricidal CTLs after HF10 combination therapy with DTA-1 at local tumor sites.** (A) The images of red (PE), green (FITC), and blue (DAPI) fluorescence that were merged to produce [Fig. 2C](#pone-0104669-g002){ref-type="fig"}. (B) Bilateral CT26/NY-ESO-1-bearing mice were treated i.t. with a combination of HF10 and DTA-1 in tumors on the right flanks of mice. Tumor growth in the treated right and contralateral left sites was measured. Photos show representative mice at 25 days after CT26/NY-ESO-1 inoculation from the control and dual HF10- and DTA-1-treated groups. (C) The three images of red (PE), green (FITC), and blue (DAPI) fluorescence that were merged to produce [Fig. 2F](#pone-0104669-g002){ref-type="fig"}.

(TIF)

###### 

Click here for additional data file.

###### 

**The three fluorescence components of the merged images of** [**Fig. 5A**](#pone-0104669-g005){ref-type="fig"} **and** [**Fig. 5B**](#pone-0104669-g005){ref-type="fig"} **(N1, C1, and D1).** Three separate images of red (PE), green (FITC), and blue (DAPI) fluorescence that were merged to produce [Fig. 5A](#pone-0104669-g005){ref-type="fig"} (A) and N1, C1, and D1 of [Fig. 5B](#pone-0104669-g005){ref-type="fig"} (B).

(TIF)

###### 

Click here for additional data file.

###### 

**The three fluorescence components of the merged images of N2, C2, D2, and D3 in** [**Fig. 5B**](#pone-0104669-g005){ref-type="fig"} **.** The three separate images of red (PE), green (FITC), and blue (DAPI) fluorescence that were merged to produce N2, C2, D2, and D3 images in [Fig. 5B](#pone-0104669-g005){ref-type="fig"}.

(TIF)

###### 

Click here for additional data file.

###### 

**The three fluorescence components of the merged images in** [**Fig. 6E**](#pone-0104669-g006){ref-type="fig"} **.** The three separate images of red (PE), green (FITC), and blue (DAPI) fluorescence that were merged to produce [Fig. 6E](#pone-0104669-g006){ref-type="fig"}.

(TIF)

###### 

Click here for additional data file.

###### 

**Drafting of i.t. treated DTA-1 into tumor-draining lymph nodes.** Frozen sections of tumor-draining lymph nodes obtained at 6 hrs after intratumoral DTA-1 or DTA-1 Fab treatment were stained with a FITC-conjugated anti-rat IgG2b antibody, a phycoerythrin (PE)-conjugated anti-F4/80 antibody, and DAPI.

(TIF)

###### 

Click here for additional data file.
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